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The diffusion and activation of n-type impurities (P and As) implanted into p-type Ge(100) sub-
strates were examined under various dose and annealing conditions. The secondary ion mass spec-
trometry profiles of chemical concentrations indicated the existence of a sufficiently high number of
impurities with increasing implanted doses. However, spreading resistance probe profiles of electrical
concentrations showed electrical concentration saturation in spite of increasing doses and indicated
poor activation of As relative to P in Ge. The relationships between the chemical and electrical
concentrations of P in Ge and Si were calculated, taking into account the effect of incomplete ion-
ization. The results indicated that the activation of P was almost the same in Ge and Si. The
activation ratios obtained experimentally were similar to the calculated values, implying insufficient
degeneration of Ge. The profiles of P in Ge substrates with and without damage generated by Ge
ion implantation were compared, and it was clarified that the damage that may compensate the
activated n-type dopants has no relationship with the activation of P in Ge.
PACS numbers: 66.30.J-, 61.72.Cc, 61.72.uf, 79.20.Rf, 82.80.Ms, 72.80.Cw
I. INTRODUCTION
The shrinkage of electrical devices has proceeded in
order to achieve next-generation large-scale integrated
circuits (LSIs). However, efforts to achieve continued
downscaling in accordance with the road map1 will en-
counter difficulties. Therefore, SiO2 film, which is cur-
rently used as a gate insulator, is expected to be replaced
with high dielectric constant (high-k) materials such as
HfSiON (Ref. 2) and LaAlO (Ref. 3) to further reduce
the electrical thickness without the reduction in physical
thickness. Since one of the reasons for the use of Si sub-
strates is that SiO2 film of good quality can be grown by
thermal oxidation on Si surfaces, other materials could
be used as substrates instead of Si if high-k materials
were used instead of SiO2.
Germanium, which was the first semiconductor used
at the dawn of semiconductor technology, is again being
promoted as an alternative substrate to Si. One of the
reasons for the replacement of Ge with Si was the dif-
ficulty in growing stable germanium oxide. This issue,
however, becomes irrelevant when high-k materials are
employed instead of SiO2. A characteristic that makes
Ge attractive is the higher mobility in Ge than in Si.
The mobilities of electrons and holes in Ge are 1900 and
3900 cm2/Vs, respectively, whereas the corresponding
mobilities in Si are 450 and 1500 cm2/Vs, respectively.4
Therefore, higher surface mobilities of electrons and holes
are also expected in metal-insulator-semiconductor field
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effect transistors (MISFETs) with Ge substrates than
in those with Si substrates. However, these higher
mobilities have only been demonstrated in p-channel
MISFETs.5,6 To the best of our knowledge, there have
been no reports on high mobility in n-channel MISFETs
with Ge substrates. This is mainly due to the high con-
tact resistance at metal/n+Ge junction, which prevents
precise measurement of mobility. The high contact resis-
tance is a result of the difficulty in obtaining n+Ge lay-
ers with sufficiently high electrical concentrations (carrier
concentrations), especially in the case of fabrication by
ion implantation.7,8 In addition, it has been reported that
n-type impurities such as P and As show concentration-
dependent diffusion7,9,10,11,12,13,14 that can be modeled
by a dopant-vacancy-pair (AV)− mechanism.12,13,14 Fur-
ther investigation is required in order to accurately con-
trol the diffusion for the production of the source/drain
regions for future-generation LSIs. Thus, it is of scien-
tific as well as technological interest to study why n-type
impurities in Ge show such a low level of electrical acti-
vation and how various conditions, such as the implanted
dose and annealing temperature, affect their diffusion.
In this paper, the profiles of the chemical and elec-
trical concentrations of n-type impurities in Ge under
various conditions were investigated to clarify the diffu-
sion mechanism and the electrical activation of n-type
dopants in Ge. In addition, the effects of ion implan-
tation damage on the activation were studied in detail.
The profiles revealed that the electrical concentrations
tend to become saturated in the case of heavy doses of
impurity, whereas the chemical concentrations increase
with implanted doses of impurity. The relationship be-
tween the chemical and electrical concentrations of P in
Ge was calculated, and it was found that the activation
ratio of P in Ge is comparable to that in Si because of the
shallower impurity level of P and the lower conduction
2band density of state (DOS) in Ge. The activation levels
of As in Ge were lower than those of P in Ge. The profiles
of the chemical and electrical concentrations of P in Ge
showed a concentration-dependent diffusion, which could
be explained by the dopant-vacancy-pair (AV)− mecha-
nism. The highest activation ratio data value did not
exceed the incomplete ionization ratio value obtained by
calculation, taking into account the single donor level,
implying insufficient formation of the impurity band. In
addition, it was confirmed that the difference in the acti-
vation ratios of P and As in Ge has no relationship with
the damage resulting from ion implantation.
II. EXPERIMENT
The substrates used in this study were 3 in. p-type
Ge(100) wafers with Ga dopants of 2×1016 cm−3. The
surfaces of the wafers were first treated with 1% HF so-
lution to remove native oxide, then rinsed with purified
water, and finally covered with thin SiO2 layers (∼4 nm)
by reactive sputtering. The SiO2 prevents outdiffusion of
impurities. P or As ion was implanted as a n-type impu-
rity into p-type Ge(100) substrates. The ion beams were
tilted by 7◦ with respect to the normal to the surface.
The implantation doses were changed from 2.0×1014 to
5.0×1015 cm−2. The acceleration energies, 30 keV for As
and 60 keV for P, were determined so as to achieve the
same projected range value. For activation, the samples
were annealed for 30 min at 400, 500, and 600 C˚ in a
N2 ambient. Secondary ion mass spectrometry (SIMS)
and the spreading resistance probe method (SRP) were
employed to examine the depth profiles of the impurities.
SIMS was used to estimate the profiles of the chemical
concentrations of the dopants in Ge. The measurement
was performed from the surface side of the specimens.
SRP was used to examine the profiles of the electrical
concentrations at room temperature. The profiles of the
electrical concentrations were considered to be those of
the activated dopants.
III. RESULTS AND DISCUSSION
A. Diffusion of P in Ge: Implantation dose and
annealing temperature dependence
Figure 1(a) shows the dose dependence of the depth
profiles of the chemical concentrations for P in Ge af-
ter annealing at 500 C˚. The impurities diffuse into
the Ge substrate and the concentrations increase with
the increase in implantation dose. The total doses es-
timated from the profiles are identical with implanted
doses. The concentrations around the surfaces reached at
least 1×1019 cm−3. Note that the profiles are separated
into two regions according to the difference in behavior
[the broken lines in Fig. 1(a) indicate the boundaries be-
tween the regions]; the concentration around the surface
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FIG. 1: (Color online) Profiles of (a) chemical concentration
and (b) electrical concentration of P in Ge substrates. The
samples were annealed at 500 C˚ in a N2 ambient for 30 min.
The doses were 0.2, 1.0, and 5.0×1015 cm−2. Each broken
line separates the profiles into two regions: the region where
the concentration decreases slightly (left side) and the region
where it decreases sharply (right side).
(the left side of the broken line) shows a slight decrease,
whereas that within the substrate (the right side of the
broken line) shows an abrupt drop. The concentrations
at the boundaries are ∼1×1019 cm−3. The behavior of
the profiles in this study is the same as that observed in
previous studies.7,8
A diffusion mechanism based on the dopant-vacancy-
pair (AV)− model has previously been proposed for n-
type dopants in Ge.12,13,14 The reaction of ionized P on
substitutional sites with a singly positive charge P+S , and
a vacancy with a doubly negative charge V2−, generates
singly negative dopant-vacancy pairs (PV)−:
(PV)− ⇋ P+S +V
2−. (1)
Each of the concentrations of (PV)− and P+S is repre-
sented by a diffusion-reaction equation and is connected
through relationship (1) (the law of mass action). The
direct diffusion of P+S is negligible and the dominant dif-
fusion vehicle is (PV)−, leading to the following single
diffusion equation as a function of the concentration of
P+S and the effective diffusion coefficient:
13
∂CP+
S
∂t
=
∂
∂x
[
Deff(n)
∂CP+
S
∂x
]
, (2)
where
Deff(n) := D
∗(ni)
(
n
ni
)2
. (3)
CP+
S
(x, t) is the concentration of P+S , n(x, t) is the electri-
cal concentration, ni is the intrinsic carrier concentration
dependent on temperature, x is the depth from the sur-
face, and t is the diffusion time. D∗(ni) is a diffusion
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FIG. 2: (Color online) Profiles of (a) chemical concentration
and (b) electrical concentration of P in Ge substrates. The
dose in each case was 1.0×1015 cm−2. The annealing tem-
peratures were 400, 500, and 600 C˚. The solid line in (a)
indicates the profile for the as-implanted sample.
coefficient associated with the intrinsic carrier concen-
tration, while Deff(n) is an effective diffusion coefficient
that has quadratic dependence on the carrier concentra-
tion. This dependence is due to the difference in the
charge states between P+S and (PV)
−, which has its ori-
gins in the indirect diffusion of P+S through the formation
of (PV)−.12,13,14
The shapes of the profiles in the results can be ex-
plained by referring to this model. In the region of low
impurity concentration, Deff(n) = D
∗(ni), i.e., the diffu-
sion coefficient is constant. In the region of high impurity
concentration, on the other hand, Deff(n) increases with
the impurity concentration owing to the quadratic de-
pendence on the carrier concentration.
Using this mechanism, it is possible to examine the
diffusion from the viewpoint of electrical concentration.
Figure 1(b) shows the depth profiles of the electrical con-
centrations for P in Ge. The profiles are separated into
two regions (the broken lines indicate the boundaries be-
tween the regions), similar to those for the chemical con-
centrations [Fig. 1(a)]. The substrate [right side of the
boundary in Fig. 1(b)] includes a region in which the dis-
tribution of holes is uniform, originating from Ga dopants
in Ge. On the other hand, a large number of electrons
were observed around the surface [left side of the bound-
ary in Fig. 1(b)], indicating the existence of n-type im-
purities, i.e., P. Note that the depth where the electri-
cal concentrations abruptly decrease corresponds to the
depth where the chemical concentrations also abruptly
decrease. This is consistent with Eq. (3), which suggests
that the diffusion decreases as the electrical concentra-
tions decrease. The shapes of the profiles [Fig. 1(a)] can
thus be explained by faster diffusion at higher concentra-
tions than at lower concentrations.
The temperature dependence of diffusion was also in-
vestigated. Figures 2(a) and 2(b) show the profiles of
the chemical and electrical concentrations, respectively,
of P in Ge substrates that were annealed at 400, 500,
and 600 C˚. The profile of the chemical concentration for
a sample before annealing is also shown in Fig. 2(a) as
a solid line. The tail in the profile is due to ion channel-
ing. The profile is nearly the same as that for the sample
annealed at 400 C˚, indicating that no diffusion occurred
at this temperature.
With the increase of annealing temperatures, impu-
rities spread deep into Ge substrates [Fig. 2(a)]. At
the time, electrically activated impurities diffuse into the
Ge substrates, keeping the activation levels almost con-
stant [Fig. 2(b)]. Interestingly, the total number of acti-
vated dopants increases with temperature, even though
the dose is not changed. It thus appears that electrically
activated impurities are generated as the temperature is
increased. As shown in Fig. 2(a), a large number of
inactive impurities, beyond the saturation levels for acti-
vated impurities, exist around the surface. This suggests
that inactive impurities change into activated impurities
to maintain the saturation level during diffusion.
B. Relationship between the chemical and
electrical concentrations
Figure 3 shows the relationship between the chemical
and electrical concentrations of P in Ge at various tem-
peratures. The concentrations were obtained using SIMS
and SRP data. The chemical concentrations at the depth
where SRP was performed were interpolated from the
SIMS data to enable comparison of the measurement re-
sults of the two methods at the same depth. The solid
line indicates the result for fully activated P in Ge, while
the dotted line indicates the result taking into account
incomplete ionization,15,16,17,18 the details of which will
be shown later. The data for higher doses tends to dis-
tribute in the region of higher chemical concentration.
As the temperature becomes higher, the chemical con-
centrations tend to be lower, owing to the faster diffu-
sion of dopants. On the other hand, higher temperatures
can create higher electrical concentrations, i.e., they can
lead to higher activation ratios. A temperature of 500 C˚
or more is required to activate impurities; however, even
at such high temperatures, the activation ratio does not
reach 100%.
Let us consider why dopants have a much lower electri-
cal activation in Ge than in Si. One of the possibilities is
the low DOS; the effective DOS in the conduction band
of Ge (1.04×1019 cm−3) is lower than that in the con-
duction band of Si (2.8×1019 cm−3).4 It is thought that
the lower DOS enhances incomplete ionization15,16,17,18
in Ge, in contrast to the case of Si, because electrons need
excitation to move from the donor level to higher energy
levels of the conduction band. The relationships between
the chemical and electrical concentrations of P in Ge and
in Si were calculated to estimate how a low DOS affects
the ionization ratio (the activation ratio). In the calcula-
4tion, the Fermi level that satisfied the charge neutrality
was searched.
n = ND − nD, (4)
n =
∫ ∞
EC
DC(E)
e(E−EF )/kBT + 1
dE, (5)
nD =
ND
1
2e
(ED−EF )/kBT + 1
. (6)
Here, n is the electron concentration in the conduction
band, DC(E) is the conduction band DOS, ND is the im-
purity concentration, and nD is the electron concentra-
tion in the donor level, which is assumed to be a single
level. As shown by the dotted curves in Figs. 3(a)-3(c),
the activation ratio decreases with the chemical concen-
tration. Coincidentally, this curve is almost the same as
that for Si [Fig. 3(d)], which is similar to the curve for
Si obtained by Xiao et al.17 This is because the donor
level of P in Ge (EC − ED=12 meV) is shallower than
that in Si (45 meV).4 The ionization ratio tends to in-
crease as the impurity level becomes shallower and as
the DOS increases. The effect of the shallower donor
level and that of the lower DOS compensate each other
in this case. Thus, the ionization ratio of P in Ge can be
regarded as almost the same as that in Si. In the case
of Si, previous reports have indicated that the ionization
ratio decreases with the doping concentration at low con-
centrations (ND < 10
18 cm−3) owing to the incomplete
ionization, and then starts to increase at high concen-
trations (ND > 10
18 cm−3) owing to the formation of
impurity bands15,16 in the band gap of Si. It is believed
that Mott (metal-insulator) transition15,16,19,20 and the
merging of the conduction band and impurity band15,16
are a possible mechanism for the metallic (degenerate
semiconductor) properties in heavily doped Si.
The experimental data values, especially those at 500
and 600 C˚, show a tendency to distribute along on the
dotted curve (Fig. 3). It should be emphasized here that
the dotted curve indicates the upper limit of the electri-
cal concentration at a chemical concentration, calculated
on the basis of the incomplete ionization effect in a single
donor level. To exceed this curve, dopants need to form
an impurity band as well as to entirely substitute in Ge.
By analogy to the case of Si and in light of the shal-
lower donor level and lower critical concentration of the
Mott transition (2.57×1017 cm−3 for Ge, 3.5×1018 cm−3
for Si),19 the impurity band in Ge should be formed to
reach the activation ratio of 100% in the region of high
concentration (> 1018 cm−3). It is therefore speculated
that the poor activation of impurities in Ge is a result of
insufficient formation of the impurity band in the energy
band gap, which may be caused by various complexes,
such as dopant-vacancy pairs and/or clustering of impu-
rities. A previous report has suggested the possible pres-
ence of P clusters in Ge at high concentrations of P.21
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FIG. 3: (Color online) Relationship between the chemical
concentration and the electrical concentration of P in Ge sub-
strates. The concentrations were measured at the same depth
using SIMS and SRP. The samples were annealed at (a) 400,
(b) 500, and (c) 600 C˚. The solid lines correspond to an acti-
vation ratio of 100%. The dotted lines indicate the calculated
electrical concentrations of P in Ge as functions of the chem-
ical concentrations at 300 K, taking the effects of incomplete
ionization into consideration. The calculated results obtained
for P in Si by the authors and by Xiao et al. (Ref. 17), whose
results are similar, are shown in (d).
When clusters are formed, they can be of two possible
types. The first type is an electrically inactive cluster.
In this case, of course, the cluster does not contribute to
the formation of the impurity band and the number of
impurities interacting with each other decreases or the
distance between the impurities increases, causing poor
activation. The second type is an electrically active clus-
ter. Even in this case, the activation ratio would decline.
Since impurities in clusters are locally aggregated, they
would not interact significantly with nearby impurities or
other clusters, leading to insufficient impurity band for-
mation. Our experiments showed that the electrical con-
centration for the same chemical concentration tended to
5increase with the annealing temperature. It is therefore
thought that clusters and/or some complexes are decom-
posed into impurities at higher temperature to form an
impurity band, leading to higher activation ratios.
C. Effects of impurity differences and ion
implantation damage on profiles
Next, the effects of impurity differences and ion im-
plantation damage on the profiles are examined. Figures
4(a) and 4(b) show the profiles of the chemical and elec-
trical concentrations, respectively, of the impurities (P
and As) in Ge. “P I/I” and “As I/I,” respectively, indi-
cate the profiles of P and As implanted in Ge substrates.
“Ge I/I, P I/I” refers to the profiles of P in Ge sub-
strate where Ge was implanted first, followed by P. The
annealing temperature was 500 C˚. The implanted dose
was 1×1015 cm−2. It was found that the profiles of P
in Ge with and without implanted Ge were almost the
same, for both the chemical concentration and the elec-
trical concentration. On the other hand, the profiles of
P were different from those of As. The chemical concen-
trations of P and As were ∼2×1019 and ∼2×1020 cm−3,
respectively, whereas their electrical concentrations were
∼1×1019 and ∼2×1018 cm−3, respectively.
The differences between the profiles of P and As [Figs.
4(a) and 4(b)] and why the activation level of As is lower
than that of P in Ge are now examined. Some stud-
ies have discussed these issues.7,8,10,11,22 According to
them, one of the possible explanations for the differences
is the solid solubility. Chui et al.7,8 have reported that
the electrical concentrations of n-type impurities such
as P and As implanted in Ge are saturated. A simi-
lar tendency was observed in our results. In their work,
the saturation levels of P and As reached ∼5×1019 and
∼3.5×1019 cm−3, respectively. They concluded that this
difference was caused by solid solubility differences. Our
understanding is that the solid solubility is generally re-
lated to the atomic radius, and larger atoms are substi-
tuted less in the Ge crystal. Therefore, As, due to its
larger size, has a lower solid solubility than P. We think
that the excess As impurities, which cannot be substi-
tuted in the Ge lattice as a result of their low solid sol-
ubility, form various complexes and/or clusters, leading
to the poor activation of As. On the other hand, we also
think that the formation of acceptorlike defects generated
by ion implantation may contribute to the poor activa-
tion of As. Defects generated in Ge tend to form accep-
torlike defects.23 Such defects may compensate the donor
levels of the n-type impurities, and therefore reduce the
concentrations of electrons. Since the amount of damage
generated in Ge tends to increase with the mass of the
implanted atoms,21 it is possible that the implantation of
As causes more such defects in the Ge substrate than the
implantation of P; however, this has not yet been clari-
fied. This possibility can be clarified from the Ge I/I, P
I/I profiles in Figs. 4(a) and 4(b). Since Ge has almost
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FIG. 4: (Color online) Depth profiles of (a) chemical concen-
trations and (b) electrical concentrations of impurities in Ge
substrates. Ge I/I, P I/I refers to the profiles of P in Ge
substrates in which Ge was implanted first, followed by P. P
I/I and As I/I, respectively, indicate the profiles of P and As
implanted in Ge substrates in which Ge was not implanted.
The annealing temperature for all samples was 500 C˚. The
implanted dose in each case was 1×1015 cm−2.
the same mass as As, the damage by implantation of Ge
should be almost the same as that of As. If the dam-
age by implantation causes poor activation of As relative
to P, the electrical concentrations in the Ge substrates
where both P and Ge were implanted should be less than
that in the Ge substrates where only P was implanted.
As shown in Figs. 4(a) and 4(b), however, there were no
differences in the chemical or electrical concentrations of
P in the two cases, and the concentration of P in the sub-
strate was higher than that of As. Thus, the difference
between the activation levels of P and As has no rela-
tionship with the damage caused by ion implantation.
IV. SUMMARY
The effects of ion implantation on the chemical and
electrical concentrations of n-type dopants (As and P) in
Ge substrates were investigated. Whereas the chemical
concentrations around the surface increased with dose,
the electrical concentrations tended to become saturated.
The saturation level of As was lower than that of P. The
behavior of the chemical and electrical concentrations
could be explained based on the quadratic dependence
of the diffusion coefficient on the carrier concentration,
which has its origins in the dopant-vacancy-pair mecha-
nism. The relationships between the chemical and elec-
trical concentrations of P in Ge and in Si were calcu-
lated. The results indicated that the ionization ratio of
P in Ge was comparable to that of P in Si owing to the
effects of the shallower donor level in Ge relative to Si
and the lower conduction band DOS in Ge relative to Si
compensating each other. In addition, the low electrical
activation of P in Ge was shown to be the result of insuf-
6ficient formation of the impurity band required to reach
the ionization ratio of 100%. The profiles of impurities
in Ge substrates with the same damage by ion implanta-
tion were compared, and it was clarified that the damage
by ion implantation is not related to the difference in
saturation levels of As and P in Ge.
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